Abstract. Among the diverse maternally inherited symbionts in arthropods, Wolbachia are the most common and infect over 20% of all species. In a departure from traditional genotyping or phylogenetic methods relying on single Wolbachia genes, the present study represents an initial Multilocus Sequence Typing (MLST) analysis to discriminate closely related Wolbachia pipientis strains, and additional data on sequence diversity in Wolbachia. We report a new phylogenetic characterization of four genes (aspC, atpD, sucB, and pdhB), and provide an expanded analysis of markers described in previous studies (16S rDNA, ftsZ, groEL, dnaA, and gltA). MLST analysis of the bacterial strains present in 16 different Drosophila-Wolbachia associations detected four distinct clonal complexes that also corresponded to maximum-likelihood identified phylogenetic clades. Among the 16 associations analyzed, six could not be assigned to MLST clonal complexes and were also shown to be in conflict with relationships predicted by maximum-likelihood phylogenetic inferences. The results demonstrate the discriminatory power of MLST for identifying strains and clonal lineages of Wolbachia and provide a robust foundation for studying the ecology and evolution of this widespread endosymbiont.
Bacteria belonging to the genus Wolbachia are a group of intracellular alpha proteobacteria (order Rickettsiales) that are maternally inherited and occur in numerous arthropod and filarial nematode species [4, 50, 54] . This group has attracted increasing interest for its induction of reproductive parasitism with implications for speciation [6] , sex determination [27, 44] , changes in sexual selection [32] , and its applied significance for the control of arthropod and nematode pest populations of agricultural and medical importance [51, 58, 60] .
Because phenotypic methods for bacterial strain determination cannot be applied to this intracellular bacterium, research efforts have focused on molecular systematic methods based on DNA sequencing and phylogenetics. To date, the 16S rDNA, ftsZ, wsp, groEL, dnaA, and gltA genes have been characterized and used for phylogenetic studies showing that Wolbachia strains are clustered into eight divergent clades that are described as supergroups A-H [4, 5, 11, 12, 33, 40, 49, 56, 61] . Efficient methods for intragroup strain typing are more limited. The Wolbachia surface protein (wsp) gene has proved to be the fastest evolving and has been extensively used for intragroup phylogenetic studies. However, Wolbachia is prone to high rates of recombination, especially within supergroups, and single gene phylogenetics are unreliable for resolving close relationships [2, 3, 7, 30, 55] . Taking a new approach to strain typing, Riegler and colleagues reported a number of polymorphic markers, such as size polymorphisms for IS5 insertion sites or minisatellites and the orientation of a chromosomal inversion, to detect and discriminate among five different Wolbachia variants present in D. melanogaster natural populations and laboratory stocks [43] .
Given the observed presence of multiple, closely related Wolbachia strains in a single host group, we aimed to develop a Multilocus Sequence Typing (MLST; www.mlst.net) approach for Wolbachia strain discrimination that takes into account, and makes use of, data derived from multiple gene sequences. This method was first described by Maiden and colleagues [34] as a tool for strain discrimination of Neisseria meningitis strains and has since been used extensively to distinguish strains of pathogenic bacteria [18, 52, 62] . MLST is based on direct nucleotide sequencing of a target locus, to which a unique and arbitrary allele number is assigned. Upon sampling multiple target genes, the combination of allele numbers for each isolate is defined as the allelic profile. Each unique allelic profile is subsequently assigned an arbitrary number that is known as the Sequence Type (ST). Isolates that share at least five out of seven in their allelic profile can generally be considered as members of the same clonal complex [19] . MLST is also particularly appropriate for evolutionary studies, as variation is quantitative and the selection criteria for MLST loci often match criteria for phylogenetic markers. The most appropriate MLST loci are housekeeping loci, which: (1) are ubiquitous within the population; (2) usually encode proteins that are essential for central metabolism; (3) typically evolve at a moderate rate; and (4) are subject to purifying selection, although genes under positive selection have been used in the past for typing purposes (see below). The ftsZ, groEL, dnaA, and gltA genes that have been used in Wolbachia phylogenetic studies are appropriate MLST loci, since these are housekeeping genes that meet all the criteria mentioned above. However, this is not the case for 16S rDNA and wsp genes. 16S rDNA evolves too slowly to be useful in MLST. At the other extreme, the hyper-variable wsp gene likely experiences positive selection [29] and recombination [2, 3, 30, 55] , so that its utilization in an MLST scheme may be problematic. These caveats aside, 16S rDNA has been used in MLSTs as a reference point for other housekeeping genes [15] or even as a marker to differentiate strains [62] .
Research on Wolbachia biology demands the ability to distinguish closely related strains. It is also important that researchers have a uniform nomenclature to refer to distinct strains, to avoid strain synonymy, widen the accessibility of Wolbachia literature, and provide a solid foundation for understanding the extent of horizontal transmission of Wolbachia between hosts and the evolution of phenotype switches within this labile endosymbiont. Despite these needs, it remains unclear whether an MLST scheme can be applied to distinguish Wolbachia or other maternally inherited bacteria. In this study, we report the characterization of four novel genetic markers (aspC, atpD, sucB, and pdhB) and an expanded analysis of markers described in previous Wolbachia studies (16S rDNA, ftsZ, groEL, dnaA, and gltA). Our primary objective is to evaluate all common genetic markers in Wolbachia, including 16S rDNA, in terms of the criteria for appropriate MLST loci. We then evaluate data from clearly appropriate MLST loci, aiming to demonstrate the value of this approach in discriminating closely related Wolbachia pipientis strains, from both A-and B-supergroups, infecting Drosophila species. More broadly, we contribute to a growing sequence database from which researchers can select the most informative genes for strain designation. Loci selection and primer design. Taking into consideration the two available Wolbachia genomes (wMel [57] and wBm [20] ), the genomes of the closely related bacterial species of Anaplasma marginale [10] and Rickettsia prowazekii [1] as well as preliminary work on a larger set of candidate genes, four genes were selected for further analysis because they gave adequate PCR amplification for different Wolbachia supergroups: sucB (dihydrolipoamide succinyltransferase), aspC (aspartate aminotransferase), atpD (ATP synthase), and pdhB (E1 component of the pyruvate dehydrogenase complex). Combined with five genes developed as markers in previous studies (16S rDNA, dnaA, ftsZ, groEL, and gltA), a total of nine loci were sampled here. The slowly-evolving 16S rDNA gene was included as a reference point for comparison with other markers and to evaluate its performance in an MLST scheme. The average distance between these nine genes was 144,693 bp (median of 138,406 bp). sucB, aspC, atpD, and pdhB amplifications and sequences were obtained using the following primers: sucB358F, 5¢-AAAGGRACTGGYATGGGARG-3¢ and sucB981R, 5¢-TGHGGAGGRTTWATWATCGG-3¢; aspC49_F, 5¢-ATYGCTGT RACYGATAAGGYAA-3¢; aspC1134R, 5¢-AGARGTWGCATAAG ARATTCTRA-3¢; aspC559F, 5¢-GCRCCARTATTGCTTGARTAT CC-3¢ and aspC578R, 5¢-GATAYTCAAGCAATAYTGGYGCT-3¢; atpD242F, 5¢-ATAYAGTKCGTTGTATTGCTATG-3¢, atpD1210R, 5¢-CWTCAGAYAGYTCATCCATAC-3¢, atpD653F, 5¢-AAGGTA AYGATCTTTAYCAYGA-3¢ and atpD676R, 5¢-TCRTGRTAAAG ATCRTTACCTT-3¢; pdhB86F, 5¢-ARGAAGTTGCVGARTATSAW GG-3¢ and pdhB812R, 5¢-GCAAAWRRCCAWCCTTCTTCTA-3¢. Primers characterised in previous studies were used for amplifications and sequences of the 16S rDNA [40] , dnaA [12] , ftsZ [21] , and groEL and gltA [11] gene fragments.
Methods
PCR amplification and sequencing. Gene fragments were amplified with the following PCR conditions: 1 lL DNA sample, 2 lL of 10· reaction buffer (Promega), 0.8 lL MgCl 2 (50 mM), 0.1 lL dNTP mix (25 mM each), 1 lL forward and reverse primer (10 pmol lL )1 ), Before phylogenetic analyses, the model of sequence evolution for each dataset was estimated and selected via likelihood ratio tests in the program Modeltest 3.06 [42] . Maximum likelihood (ML) heuristic searches were performed using 500 random taxon addition replicates with tree bisection and reconnection (TBR) branch swapping. ML bootstrap support was determined using 500 bootstrap replicates, each using 10 random taxon addition replicates with TBR branch swapping. Searches were performed in parallel on a Beowulf cluster using custom software with PAUP version 4.0b10. To confirm the ML results, the concatenated dataset was also analysed with Bayesian analysis, using Mr. Bayes version 3.1.1 [45] . The likelihood model was set to the GTR with a proportion of the sites invariable and the rest drawn from a gamma distribution (''lset Nst=6 rates=invgamma''). Four independent runs were performed, each with 5,000,000 generations and four chains. Trees were sampled every 100 generations, resulting in 50,000 trees per run. The first 40% of these trees were considered the ''burn-in'' and discarded. Posterior probabilities were estimated from the consensus of the remaining 120,000 trees (30,000 for each of the four runs).
Results and Discussion
Gene sequences and gene diversity. Diversity estimates and other sequence statistics are presented in Table 1 . The size of the gene fragments analysed ranged from 402 bp (dnaA) to 972bp (aspC) with an average for all genes of 702 bp, and the percentage of gene lengths analysed ranged from 29.13% to 81.61% (54.99% average). Nucleotide diversity (p) ranged from 4.91% (aspC) to 0.69% (16S rDNA), with an average of 3.37%. The number of alleles per locus ranged from twelve (pdhB) to five (dnaA and 16S rDNA), with an average of seven. The number of polymorphic sites per locus ranged from two (aspC, dnaA, ftsZ, 16S rDNA) to twenty (sucB), with an average of seven. G+C content ranged from 35.62% (dnaA) to 46.15% (16S rDNA), with an average of 38.42%. In terms of nucleotide diversity and number of polymorphic sites, the aspC and 16S rDNA genes exhibited the highest and lowest values, respectively. This was not the case though for the number of alleles per locus, where only seven alleles were observed for the aspC locus.
Recombination and selection. The results of the statistical testing for recombination and selection are shown in Table 1 . The SawyerÕs run test did not determine any regions of sequence pairs sharing more consecutive identical polymorphic sites than expected by chance. In all cases, the I A significantly exceeded zero, indicating linkage disequilibrium due to constraints on recombination. Across all strains, I A was found to be 1.81 and when calculated within supergroups A and B, to ascertain that the linkage disequilibrium is not a by-product of including both supergroups, it was 0.851 and 2.9, respectively. This indicates that some Drosophila Wolbachia have a clonal population structure, where recombination is relatively limited both within and between the supergroups. The homoplasy test could not be performed because it requires at least 10 informative sites per gene, whereas datasets obtained here did not exceed three informative sites per gene (data not shown). A d N /d S ratio £ 1 was observed for all loci, indicating that genes where not subject to positive selection. Based on these results, we infer that recombination is constrained within this set of Wolbachia strains and genes examined here, and that the few (if any) recombination events will not influence MLST results. Furthermore, genes are subject to purifying rather than positive selection.
Genetic relatedness of Wolbachia strains. Both the MLST dendrogram (Fig. 1a) constructed from the matrix of pairwise allelic differences among sixteen Wolbachia strains and the ML phylogenetic tree (Fig. 1b) of the concatenated data set (6319bp, 16 strains, 9 loci) identified two major clusters that correspond to supergroups B (wNo, wMa, and wMau) and A (the remaining 13 isolates). This was also confirmed by the allelic profile data, as the two supergroups differ at all nine loci (i.e., share no alleles). Within supergoup A, the MLST dendrogram and ML phylogeny share several groupings. These include: wMel, wMelCS, and wMelPop strains; wDau, wRi, and wAna strains; and wTei, wYak, and wSan strains. Notably, the ML tree groups together wHa and wSh, whereas the dendrogram does not. Within supergroup B, the only cluster and potential clonal complex observed in the MLST tree is the B 1 cluster, which consisted of the wMa and wMau strains. However, within supergroup B, relationships among the wNo, wMa, and wMau strains were poorly resolved and differ between the ML phylogeny and MLST dendrogram. Adopting the general criterion used in MLST studies of Neisseria meningitides, (when isolates share five out of seven alleles, they can be regarded as members of the same clonal complex) [34] , a Wolbachia clonal complex is defined as a cluster of bacterial isolates sharing in this case at least six alleles out of a total of nine sampled. Under this criterion, four clonal complexes were detected: complex A 1 (wMel, wMelCS and wMelPop), complex A 2 (wDau and wAna), complex A 3 (wTei, wYak and wSan), and complex B 1 (wMa and wMau). The remaining six isolates (wRi, wSh, wHa, wDin, wAu, and wNo) did not group with any of the above four clonal complexes.
Biological features of Wolbachia clonal complexes.
The clonal complex A 1 consists of the wMel, wMelCS, and wMelPop strains that share alleles at seven loci. Those strains infect D. melanogaster natural populations and laboratory strains [9, 24, 39] . Based on our data, these strains clearly share a common ancestor, share identical wsp sequences [61] , but can be discriminated by sampling dnaA and pdhB. All three strains are known to be CI-inducers [9, 24, 36, 37] , and the wMelPop strain has also been shown to reduce the life span of its hosts, D. melanogaster and D. simulans [36, 39] . It was recently shown that Wolbachia in D. melanogaster could be distinguished by size polymorphism of IS5 insertion sites, the VNTR loci, and the orientation of a chromosomal inversion [43] .
The clonal complex A 2 consists of the wAna and wDau strains, which also share alleles at seven loci. The wRi strain, which has identical wsp gene sequences with wAna and wDau [61] , was also a candidate of this complex as observed in the ML and MLST trees. However, despite the fact that it shared six alleles with wDau, it shared only five with wAna. The wAna, wDau, and wRi strains naturally infect D. simulans, D. ananassae, and D. auraria, respectively and are known to be CI-inducers [9, 26] . Based on our data, these strains clearly share a common ancestor, but can be discriminated by using sucB and pdhB gene sequences.
The clonal complex A 3 consists of the wYak, wTei, and wSan strains, sharing alleles at six loci. The wYak, wTei, and wSan strains naturally infect D. yakuba, D. teissieri, and D. santomea, respectively and are all unable to induce CI in their native hosts; however, they are able to fully rescue the wRi modification [59] . Based on our data, these strains share a common ancestor, have identical wsp sequences [59] , and can be discriminated by using ftsZ, gltA, and aspC gene sequences.
The wAu and wDin strains do not clearly group with any of the above complexes or clades in the ML tree (Fig. 1) . These two strains share only five alleles (sucB, ftsZ, pdhB, gltA, and 16S rDNA), so they cannot be regarded as members of the same clonal complex. The wAu and wDin strains naturally infect D. simulans and D. innubila, respectively [17, 25] . The wAu strain is the only known mod ) resc ) Wolbachia strain. The wDin strain has been recently shown to induce male killing in its native host [17] . Notably, the pdhB gene, the locus that exhibited the highest number of alleles (twelve), was identical for wAu and wDin strains. By contrast, the two differ at dnaA, which had relatively few alleles (five). This exceptional pattern might be explained by lateral transfer of pdhB between wAu and wDin strains, a rare instance of gene transfer among these strains. An unexpected result of our study was the finding that wHa, which infects D. simulans [41] , and wSh, which infects D. sechellia [9, 22] , do not belong to the same clonal complex, and in fact share only one allele (16S rDNA). Those two strains have identical wsp and 16S rDNA sequences [14] and group together on the ML phylogeny of concatenated data, suggesting they are sister lineages. Furthermore, the close relationship of these strains is consistent with the similar CI properties of the two [14] . In this study, we identified several markers that discriminate the two strains; however, considering their similar biological features and the ML phylogeny, we can conclude that the MLST results do not accurately reflect the phylogenetic relationships of these two strains.
The clonal complex B 1 consists of Wolbachia strains wMa and wMau, sharing alleles at seven loci. The wMa and wMau strains naturally infect D. simulans and D. mauritiana, respectively [22, 28, 46] . Neither strain induces CI [8, 13, 28, 38, 46, 53] . However, both rescue the modification induced by the wNo strain [8, 38] . The close relationship of these strains confirms previous studies of their evolutionary history [46] . They also have identical wsp sequences [13, 61] , but can be discriminated by using ftsZ, and pdhB gene sequences. The wNo strain is shown, in both the ML and MLST trees, as closely related to the wMa and wMau strains. Yet, interpretation of the allelic profile data shows that those three strains share alleles only in three genes (aspC, atpD, and gltA). Several studies have suggested that wNo, wMa, and wMau are quite closely related strains that may only differ in their ability to induce CI: wNo is a mod + resc + strain while wMa and wMau have been considered as mod ) resc + strains [8, 13, 22, 28, 38] . The MLST allelic profile data indicate that wNo differs from the wMa and wMau strains, raising the hypothesis that it should be considered as a distinct and rather unrelated strain. However, the ML tree and the fact that the wNo imprint can be rescued by both wMa and wMau strains [8, 38] clearly show that all three strains are closely related.
MLST versus other typing methods. Several markers have already been, or are going to be, generated for Wolbachia through complete and ongoing genomesequencing projects [20, 48, 57] , including chromosomal inversions, minisatellites, and transposons. Such markers have already been used to type Wolbachia strains [16, 43] . Undoubtedly, markers such as transposons and phage genes can be informative in understanding Wolbachia biology and ecology; however, they may not be abundant along strains spanning all known supergroups [20] . It has also to be noted that most of the above-mentioned studies relied upon single-gene/single-sequence approaches to discriminate among strains. The MLST method is an obvious good alternative typing method, mainly due to its multilocus power, and offers the advantage that selection of target loci does not require the complete genome data for the strain examined. The present study shows that the development of a Wolbachia MLST approach is feasible and provides novel genetic markers useful for such an approach. One potential limitation to the use of MLST would be the case in which more than one type of Wolbachia infect a host species. In this case, it would be difficult to assign sequences to a particular strain; however, this issue could be resolved by designing single infection-specific primers. We also observed the high discriminatory power of the MLST, as it discriminated closely related strains that show very similar, sometimes identical, biological features. It is indeed a very sensitive method but also harbors potential limitations. The first one is that sequence data must be very accurate and confirmed by repeated sequencing of a given marker. The second limitation, which was also observed in the current study, is that allelic profile data might not reflect the phylogeny of the strains examined. The original sequence data can, however, be used in molecular phylogenetic studies.
In conclusion, the present study illustrates MLST as a potential uniform Wolbachia typing system, and, in doing so, enriches the Wolbachia sequence database with novel genes, demonstrates the discriminatory power of closely related Wolbachia strains using multiple genes, and identifies clonal complexes of Wolbachia that either reflect patterns of symbiont-host codivergence or the lateral transfer of Wolbachia bacteria among ecologically associated hosts.
